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ABSTRACT. Photooxidative stress is a key mechanism in UVA-induced skin photodamage.
Photoexcited states of endogenous UVA-chromophores such as porphyrins, melanin precursors, and crosslink-fluorophores of skin collagen exert skin photodamage by direct reaction with substrate molecules (type I photosensitization) or molecular oxygen (type II) leading to formation of reactive oxygen species. Based on our previous research on the role of photoexcited states of endogenous skin chromophores as sensitizers of photooxidative stress, we describe here the identification of a novel class of chemopreventive agents for topical skin photoprotection: quenchers of photoexcited states (QPES). QPES compounds antagonize the harmful excited state chemistry of endogenous sensitizers by physical quenching, facilitating the harmless return of the sensitizer excited state to the electronic ground state by energy dissipation.
To identify QPES compounds suitable for development, we designed a primary screening assay based on QPES-suppression of photosensitized plasmid cleavage using conditions that exclude antioxidants. This screen is followed with a screen to test for non-sacrificial quenching of dyesensitized singlet oxygen ( 1 JPET #75101
INTRODUCTION
The involvement of solar radiation in the pathogenesis of human skin damage is now firmly established. Most of the solar ultraviolet (UV) energy incident on human skin is in the deeply penetrating UVA region (> 95% from 320 to 400 nm) and increasing experimental evidence supports a major role of UVA in skin photoaging and photocarcinogenesis (Kvam and Tyrrell, 1997; Scharffetter-Kochanek et al., 1997; de Gruijl, 2000; Agar et al., 2004) . Our previous research has demonstrated a role of photoexcited states of endogenous skin chromophores (Wondrak et al., 2002a; Wondrak et al., 2002b; Wondrak et al., 2003) in photooxidative stress, and photoexcited states of skin components and molecular oxygen are rapidly emerging as novel molecular targets for chemoprevention of actinic skin damage as summarized in Fig. 1 .
Reactive oxygen species (ROS) and organic free radicals formed in skin during exposure to solar radiation are key mediators of skin photooxidative stress and numerous interventional approaches including the topical application of antioxidants have therefore focused on these agents as potential therapeutic targets for skin photoprotection (Gasparro, 2000) . Only recently some of the molecular mechanisms upstream of ROS formation have been identified, and photosensitization by endogenous skin chromophores has emerged as a mechanism linking initial photon absorption with ROS formation in skin as illustrated in Fig. 1 . Many skin chromophores 2002b; Wondrak et al., 2003) . After initial photon absorption ( Fig. 1) , excited singlet states can either relax to the ground state without or with light emission (fluorescence) or undergo intersystem crossing (ISC) with formation of highly reactive biradical triplet states.
Photoexcited states exert skin photodamage by direct reaction with substrate molecules including DNA bases (type I photosensitization) and molecular oxygen (type II photosensitization) leading to ROS formation. Singlet oxygen ( 1 O 2 ), an electronically excited, highly reactive form of molecular oxygen, is formed after energy transfer between the triplet photoexcited state of the sensitizer and ground state triplet oxygen. 1 O 2 is a widely accepted example of an excited state mediator of skin photodamage involved in UVA-induced mutagenesis, stress signaling, apoptosis, and remodeling of extracellular matrix components during skin photoaging and carcinogenesis (Klotz et al., 2003; Davies, 2004 ).
An emerging awareness of the necessity for adequate skin protection against UVAinduced photooxidative stress has lead to the development of topical broad spectrum UV screens and antioxidants, intervening as depicted in Fig. 1 (Gasparro, 2000) . However, few photostable chromophores for broadband UVA filtering are available (Maier et al., 2001 ). Many UVA screens are inefficient particularly in the near visible UVA and blue visible regions important for skin photosensitization and rapidly undergo photoisomerization/degradation due to uncontrolled excited state chemistry (Allen et al., 1996; Serpone et al., 2002) . Paradoxically, some sunscreens and sun-blockers act as potent triplet state UV-sensitizers enhancing light-driven formation of ROS and skin cell photodamage (Gulston and Knowland, 1999) . Although moderate skin photoprotection by topical application of antioxidants has been demonstrated in many experiments on animal and human skin (Packer and Valacchi, 2002) , the therapeutic effectiveness of skin administration of antioxidants is limited by their sacrificial depletion, their
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6 pronounced spontaneous redox chemistry and their negative interference with the highly regulated skin antioxidant network (Meves et al., 2002) . Harmful interaction of chemical antioxidants with essential redox signaling in human skin may be anticipated as recent reports point to a significant potential for antioxidant enhanced carcinogenesis in transgenic mice with upregulated antioxidant responses (Lu et al., 1997) .
Based on our previous research on the role of photoexcited states of endogenous skin chromophores as sensitizers of photooxidative stress, we describe here the development of a novel class of chemopreventive agents for topical skin photoprotection. These agents do not act by photon absorption or antioxidant mechanisms and thus we termed them quenchers of photoexcited states (QPES). QPES are direct molecular antagonists of photoexcited states of endogenous skin chromophores and molecular oxygen as illustrated in Fig. 1 . QPES eliminate the harmful excited state chemistry of endogenous skin sensitizers by physical pathways such as energy or reversible charge transfer interactions facilitating the harmless dissipation of photoexcitation energy. QPES compounds suppress skin photooxidative damage upstream of ROS formation inhibiting their formation by suppression of photosensitization reactions.
Importantly, the use of currently available quencher substances such as NaN 3 , 1,4-diazabicyclooctane (DABCO), and L-histidine (L-His) for skin photoprotection does not seem feasible due to their toxicity and/or photoinstability (Beutner et al., 2000) .
In this study, we tested the feasibility of rapid screening and identification of biocompatible physical QPES and present evidence that significant photoprotection of cultured human skin cells and reconstructed human skin can be achieved using newly identified prototype QPES compounds.
This article has not been copyedited and formatted. The final version may differ from this version. Preparation of AGE-BSA. Bovine serum albumin (BSA) modified with advanced glycation end products (AGE-BSA) was prepared and characterized as described earlier (Wondrak et al., 2002a (400-700 nm) was determined using a spectroradiometer, Model 754 from Optronic Laboratories (Orlando, FL). Cells received visible radiation at a distance of 50 mm from the source through the polystyrene lids of cell culture dishes.
Plasmid DNA cleavage assay. AGE-sensitized plasmid DNA cleavage was performed essentially as described earlier (Wondrak et al., 2002a Photoprotection of full thickness human reconstructed skin. Full thickness human skin was reconstructed following a published procedure (Schoop et al., 1999) . In brief, using acid soluble collagen, type I, from rat tail tendon in 0.1% acetic acid (BD Biosciences), collagen gels were prepared by mixing 12 mm of ice-cold acidic collagen solution (4 mg per ml) with 1.5 mL 10 times concentrated HBSS at 4°C. After neutralization with 270 µL 1 N NaOH, 1.5 ml This article has not been copyedited and formatted. The final version may differ from this version. , Becton Dickinson) which were then transferred to a six well plate. After dermal polymerization, glass rings (20 mm diameter) were applied onto the gels to prevent epithelial outgrowth to the filter walls. Collagen lattices were then covered with medium consisting of DMEM containing 10% FBS and 50 µg per ml ascorbic acid and the same medium was added to the bottom compartment of the insert. The following day, the top medium was removed and
HaCaT keratinocytes (1 x 10 6 per insert) were seeded on top of the dermal reconstruct. After another day, reconstructs were exposed to air by removal of the top medium and then fed by capillarity from the bottom compartment of the insert using DMEM, 10% BCS supplemented with ascorbic acid (50µg per mL). The bottom medium was changed every second day. After 20 days, the reconstructs received treatment with test compound followed by irradiation. 24 h later reconstructs were harvested, fixed in formalin, paraffin-embedded and processed for hematoxylin/eosin (H&E) staining of this section (4.5 µ thickness) (Bernerd et al., 2000) .
Statistical analysis.
The results are presented as means (+ SD) of at least three independent experiments. They were analyzed using the two-sided Student's t test (*p< 0.05; **p< 0.01; ***p< 0.001). In contrast, no cleavage was observed when DNA was incubated with AGE-protein in the absence of irradiation or when irradiation was performed in the absence of sensitizer protein.
RESULTS

QPES
Importantly, AGE-sensitization of DNA damage was shown to proceed equally well under aerobic and non-aerobic conditions and thus antioxidants such as catalase and SOD had little effect on DNA cleavage by AGE-sensitization, whereas excited state quenchers such as NaN 3 , KI, and organic thiol compounds were strongly protective when present during irradiation, either in the absence or presence of oxygen (Rougee et al., 1988; Beutner et al., 2000) . Based on these earlier findings, DNA protection from AGE-photosensitization by test compounds present during irradiation was used as a broad initial screen for the identification of agents capable of interfering with sensitized photodamage by mechanisms different from antioxidant or UV screening activity. A typical screening gel obtained from 11 representative test compounds is shown in were all as protective against AGE-photosensitization of DNA damage as L-proline. Based on these data, we conclude that rapid in vitro screening of antagonists of photosensitization is feasible by this approach and that pyrrolidine-derivatives can act as photoprotective agents against the phototoxic effects of AGE-pigments and solar UV irradiation on DNA.
This article has not been copyedited and formatted. The final version may differ from this version. confirmed by annexinV-FITC/PI staining followed by flow cytometric analysis performed 24 h after cell photosensitization (Fig. 5 A) viable cells was observed both by light microscopy and flow cytometry, demonstrating the feasibility of this assay for the identification of compounds for cell protection against photosensitization. Next, the fluence of visible light was adjusted to achieve skin cell viability of 50% 24 h after photodynamic treatment and the assay was used for the screening of potential QPES compounds as shown in simplified model of full thickness human skin was created by embedding fibroblasts in a collagen matrix followed by epidermal reconstruction (Schoop et al., 1999) 
using immortalized
HaCaT keratinocytes as shown in Fig. 6 , left panel. A moderate dose of solar simulated light, well below the dose known to induce the sunburn response in reconstructs (Bernerd et al., 2000) , clearly induced actinic damage in this human skin model as obvious from loss of epidermal cellularity and dermal disintegration 24 h after irradiation (see arrows in middle panel).
Epidermal apoptosis as usually observed during actinic damage in intact human skin was not detected as indicated by the absence of sunburn cells from our irradiated prototype reconstructs exposed to moderate doses of SSL as shown in Fig. 6 (middle panel). Further experiments measuring cell death by flow cytometry after cell retrieval from skin reconstructs confirmed that photodamage in reconstructs was mainly due to actinic induction of cellular necrosis which could be suppressed when catalase was included during dermal reconstruction (data not shown).
Actinic skin damage in this reconstruct therefore seemed to depend on the induction of photooxidative stress by collagen-mediated UVA/B-photosensitization forming H 2 O 2 as observed earlier (Wondrak et al., 2003) . Consistent with photosensitized pathways of actinic damage, a significant suppression of epidermal and dermal photodamage was observed when solar irradiation of the skin equivalent was performed in the presence of the prototype QPES compound L-Pro, not an antioxidant, as shown in Fig. 6 , right panel. With L-Pro treatment, preserved epidermal thickness and cellularity and suppression of dermal disintegration were observed 24 h after irradiation of the reconstructs. Based on these prototype skin photoprotection experiments, we conclude that L-Pro and possibly other related QPES compounds may suppress actinic skin cell damage in human skin equivalents exposed to solar simulated UV radiation by suppression of collagen-sensitized photooxidative stress.
This article has not been copyedited and formatted. The final version may differ from this version. quenchers for skin photoprotection (Sies and Stahl, 2004) , and oral carotenoids are in clinical use for the suppression of porphyrin-sensitized skin photodamage in erythropoietic protoporphyria patients. Based on our earlier research on endogenous skin chromophores as potential sensitizers of photooxidative stress involved in photoaging and carcinogenesis by solar UVA radiation, we have designed a screening method for the identification of QPES compounds suitable for use as specific molecular antagonists of skin photosensitization.
The mechanism of quenching of photoexcited states of skin chromophores and other organic photosensitizers is complex and effective screening of QPES compounds is therefore complicated (Young et al., 1973; Rougee et al., 1988; Beutner et al., 2000) . In simplified terms, excited state quenching involves singlet state quenching prior to intersystem crossing (ISC) of the photoexcited sensitizer, triplet state quenching after ISC, and quenching of singlet oxygen generated after energy transfer between the triplet state of the sensitizer and molecular ground state oxygen (Beutner et al., 2000) . The situation is further complicated by the fact that attempt to rapidly identify biocompatible QPES compounds for skin cell photoprotection we combined two simple physicochemical prescreens conducted in a qualitative manner with a quantitative bioactivity assay for skin cell protection against photosensitization, followed by prototype protection studies performed in reconstructed human skin equivalents.
In QPES screen 1, the suppression of AGE-photosensitization of DNA damage is employed for rapid screening of high numbers of test compounds that interfere with photosensitization by non-antioxidant mechanisms. AGE-sensitization of DNA damage depends on a complex mixture of protein-bound sensitizer chromophores mimicking AGE-epitopes, suspected key photosensitizers accumulating in chronologically and photoaged human skin (Jeanmaire et al., 2001 ). Due to the oxygen-independent mechanism of AGE-sensitized DNA damage, compounds positive in this assay most likely interfere with AGE-photosensitization by excited state quenching as reported earlier (Wondrak et al., 2002a) and compounds that exert photoprotection merely by antioxidant or other physicochemical effects such as osmolytic activity can be excluded.
Compounds positive in QPES screen 1 are further examined in QPES screen 2, which detects the ability of a test compound to suppress the formation of a 1 O 2 EPR signature signal during dye sensitization of TEMP. TB is used as a sensitizer dye since it is also employed in QPES screen 3, but other 1 O 2 sensitizers such as hematoporphyrin, methylene blue, and rose bengal also could be used in this assay (Ando et al., 1997) . QPES screen 2 provides unequivocal evidence that the Many organic secondary and tertiary amines are established excited state quenchers (Young et al., 1973) known to interfere with 1 O 2 in cellular systems: DABCO is an established molecular probe for 1 O 2 involvement in biological processes (Beutner et al., 2000) and cellular polyamines such as spermine have been proposed as endogenous antioxidants and 1 O 2 quenchers (Khan et al., 1992) . However, cellular toxicity and chemical instability of these agents precludes their therapeutic use for skin photoprotection. For pyrrolidine, the quencher pharmacophore contained in L-Pro and other active derivatives identified in this study, appreciable singlet oxygen quenching rates (reaching 1.4 x 10 8 M -1 s -1 in a rose bengal/acetonitrile system) have been reported (Clennan et al., 1989) . According to the accepted mechanism of 1 O 2 deactivation by organic amines, the radiationless deactivation of the initially formed singlet encounter complex is enhanced by the formation of a singlet exiplex, which is stabilized by the transfer of electric charge from the quencher to the oxygen molecule (Schweitzer and Schmidt, 2003) . This species decays mainly by intersystem crossing to a triplet charge transfer ground state complex, which This article has not been copyedited and formatted. The final version may differ from this version. Fig. 3 . In secondary amines, low ionization potential and hydrogen bond donating activity correlate with higher quenching activities, but the question of whether the enhanced photoprotective potency of L-Pro-O-CH 3 as compared to L-Pro is due to changes in these parameters cannot be answered at this point and will require comparative determination of 1 O 2 quenching rate constants in various solvents (Clennan et al., 1989) . Additionally, the and Gabard, 2001) . Moreover, topical QPES substances could limit the detrimental effects of long lasting systemic photosensitizers used in photodynamic therapy of malignancies (Rougee et al., 1988) .
The rapid identification of biocompatible QPES antagonists of AGE-sensitization and singlet oxygen presented here provides a prototype approach for the future development of QPES into a novel class of chemopreventive agents for targeted skin photoprotection. 
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